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An experimental search for non-newtonian, gravity-like force in a precision measurement of the
scattering of slow neutrons in Xenon gas is proposed. A preliminary experiment with small statistics
of 25 hours irradiation time was performed and the observed scattering distribution is consistent with
the expectation with no additional forces. A 95% CL limit on the coupling strength for a hypothetical
force of 1 nm interaction range was evaluated to be 2× 10−15. The expected sensitivity for a planned
high statistics runs is discussed.
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1. Introduction
“Is there any new force in addition to the four known fundamental forces” “Is the Newtonian inverse
square law of gravity valid even in the sub-mm range?” These are still open questions, and some theories,
such as the Kaluza-Klein theory with extra dimensions [1], predict the existence of a fifth force or show
certain modifications to the Newtonian law of gravity. A simple Yukawa-type parametrization of an
additional scattering potential due to new physics is given by
Vnew(r) = − 14pig
2Q1Q2 · e
−µr
r
, (1)
where g2 is a coupling strength, Qi are coupling charges, and µ is the mass of a mediating boson for the
new force. Much progress for the fifth force or the non-newtonian force search in this parametrization has
been made over the last 10 years and this field is still very active, especially for gravity-like interactions
with coupling charge of mass number or macroscopic mass. The current world limits in g2-µ or g2-Ż
space are shown in figure 1(a) [2–10], where Ż = 1/µ is the interaction range.
This additional scattering potential slightly modifies the scattering angle distribution of the neutron-
atom interaction. We propose to search for new forces by evaluating a deviation of the angular distribution
from the known scattering process. The scheme has a sensitivity to new forces with around 1 nm inter-
action range, which corresponds to a mass of several hundred eV (see also Fig.1(a)). The current world
limit at 1 nm range is about 7 × 10−16, which is obtained by reviewing available neutron scattering data
[3]. Statistical uncertainty limits the sensitivity.
In this article, we review the interaction between a slow neutron and Xenon with an additional cross
section due to a Yukawa-type potential. After that, we show details of a preliminary experiment which
1
was performed in January 2013 with small statistics of 25 hours irradiation time, and the achievable
sensitivity expected for a planned high statistics run.
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Fig. 1. (a) Current wold limits for non-Newtonian force in g2-Ż space [2–10]. The experimental scheme for the
limits A and B are neutron scattering, and the limits C to I are obtained by a macroscopic scheme using a torsion
balance or cantilever. Theoretical expectations from the large extra demotions [1] and extra U(1) gauge boson with
supersymmetric extensions of the standard model [11] are shown as hatched areas. (b,c,d) Simulated scattering
angle distribution of nuclear scattering, higher order EM scattering, and additional Yukawa-type scattering (Ż = 1
nm), respectively. The thermal motion of Xenon gas is considered in the simulation.
2. Review of slow neutron/Xenon interactions
A neutron scattering length b(q) for a diamagnetic atom such a Xenon is derived from [12] as
b(q) = bc(q) + 1√
I(I + 1)σ · bi(q) · I + ibs(q)σ · nˆ , (2)
where q is the momentum transfer vector, I is the nucleus spin, σ/2 is the neutron spin, and nˆ is a
unit vector perpendicular to the plane of scattering. bc in the first term represents coherent scattering,
the tensor bi in the second term is for incoherent scattering, and the last term of bs represents so-called
Schwinger scattering, whose scattering plane is perpendicular to the one of the other scattering processes.
For an unpolarized neutron beam and Xenon atomic gas target, the second and the third terms vanish.
The scales of each term, bc, bi, and bs for the Xenon atom are ∼ 5 fm, ∼ 10−3 fm, and ∼ 10−3 fm,
respectively. Therefore, even when the beam is polarized with a certain fraction, the second and third
terms can still be neglected in the following discussion for our intended sensitivity.
The coherent term is divided into two interactions, nuclear scattering and higher order electromag-
netic scattering. The scattering length of the Yukawa-type potential is calculated by the Fourier transfor-
mation under the Born approximation and it is added to the known scattering lengths when a new force
exists. The differential cross section with the Yukawa-type scattering is described by the square of the
total scattering length, and is written as
dσ
dΩ ≃ (bNc + bp)
2 (1 + 2χ[1 − f (q)] + 2χy[( q
µ
)2 + 1]−1) (3)
f (q) = [1 + 3( q
q0
)2]−0.5 (q0=7Å−1 for Xe) (4)
2
χ ≡ bF + bIbNc + bp
Z ∼ 10−2 (5)
χy ≡
mn
2pi
g2Q1Q2 1(bNc + bp)µ2
(6)
where bNc is the coherent nuclear scattering length, bP is the polarization scattering length, bF is the
Foldy scattering length, bI is the intrinsic n-e scattering length, and mn is the neutron mass. χ and χy are
small enough to omit their second order terms. The first term from nuclear scattering has no q depen-
dence, on the other hand the second term due to higher order electromagnetic scattering has q dependence
which is empirically described by the atomic form factor f (q). By integrating with azimuthal angle and
by taking into account the thermal motion of Xenon gas, the scattering angle θ distribution of each term
is simulated as shown in figure 1(b), 1(c), 1(d) in the case of Ż = 1 nm. These distributions are clearly
distinguished each other, and, thanks to this property, an analytical method using the shapes of the distri-
butions can be adopted to avoid uncertainty on measuring absolute values such as the total coherent cross
section. In later discussion, functions h1(θ), h2(θ), h3(θ; Ż) are used to express these simulated angular
distributions shown in the figure 1(b), 1(c), 1(d), respectively.
3. Preliminary Experiment
A preliminary experiment was performed in Jan. 2013 with a 25 hour irradiation of a Xenon sample.
We use the 40 m SANS(Small Angle Neutron Scattering) beam line [13] at the HANARO research
reactor located at the Korean Atomic Energy Research Institute. Figure 2(a) shows schematic drawing
of the experiment. The wavelength of neutrons was selected to be 5 Å with a 12% FWHM spread. The
beam was collimated to have a 1 mrad divergence and the beam size was 12 mm in diameter. The beam
intensity was 1 × 105 neutrons/sec. A chamber of 250 mm length was filled with Xenon gas at 1 atm
pressure. The detector used in this experiment was a 3He filled MWPC with 5 mm wire spacing along
horizontal and vertical axes, whose detection efficiency is around 80% for neutrons with 5 Å wavelength.
The size of sensitive area is 1 m × 1 m square and the distance from the Xe chamber to the detector was
2.5 m. The accuracy on measurements of the scattering angle is mainly limited by the finite chamber
length, and is better than 5%. The other sources, due to the beam size and detector spatial resolution,
give a negligible contribution. The vacuum is required to be less than 1 Pa, considering the influence of
scattering from residual gas. A scattering image is shown in figure 2(b).
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Fig. 2. (a) Schematic drawing of the preliminary experiment. The total length from the velocity selector to the
end of the vacuum vessel is 40 m. The detector can be moved in the vessel to adjust the distance from the sample.
(b) Measured scattering image on the detector. The sensitive area is 1 × 1 m2.
In figure 3(a), two sets of scattering data with and without(background) Xenon gas are shown. Af-
ter subtracting the background distribution, the angular distribution of the Xenon sample signal g(θ) is
3
evaluated by a least squares method with a linear combination of h1(θ), h2(θ), h3(θ) written as
g(θ) = (1 − α − β)h1(θ) + αh2(θ) + βh3(θ; Ż) , (7)
where α and β are the parameters to be estimated, describing the fractions of each term. The fitting range
is from 0.02 to 0.18 mrad, to avoid the effects from the direct beam and the edge of the active area. Figure
3(b) shows the analyzed deviations from the known scattering processes, when the interaction range of a
new force Ż is 1 nm. The results is consistent with the expectation with no additional forces.
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Fig. 3. (a) Scattering angle distribution for Xenon sample with background (solid line) and background only
(dashed line). (b) Estimated deviation from the known scattering processes when the range of new force Ż = 1 nm.
Data from 0.02 mrad to 1.8 mrad are used for fitting. (c) 95% CL Limits obtained the preliminarily experiment
(solid curve) and expected sensitivity for high statistic runs (dashed curve).
The 95% CL limits for a Yukawa-type, non-Neutonian force obtained are g2 < 4.5 × 10−15 for
Ż = 0.3 nm, g2 < 2 × 10−15 for Ż = 1 nm, and g2 < 2.7 × 10−16 for Ż = 70 nm. In figure 3(c),
the limit is shown as a solid curve. Each contribution to the systematic uncertainty δg2 in terms of g2
estimation are evaluated using Monte Carlo pseudo-experiments: for Ż = 1 nm, δg2 ∼ 5 × 10−17 from
a neutron flux uncertainty of 0.5%; δg2 ∼ 2 × 10−17 from detection non-uniformity of 1%(RMS); δg2 ∼
2 × 10−17 from the neutron energy determination within 3%; δg2 < 10−17 from the atomic form factor
model validity within 5%; δg2 < 10−17 from temperature uncertainty of ± 6 K; δg2 < 10−17 from the
interaction position uncertainty of 25 cm due to the chamber size; δg2 < 10−17 from the gas contamination
of 10−5. The statistical uncertainty still dominats the experimental sensitivity of this scheme. We are
planning to perform high statistics runs with two order of magnitude larger statistics than this preliminary
experiment. The expected limits for this next experiment is shown as a dashed curve in figure 3(c).
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